Our goals are to describe the vertical structure of wind-driven currents using these historical field observations and then identify the simplest models that can serve to explain and predict this structure. Toward these goals we take up four questions in turn:
Observing and Modeling

Wind-Driven Currents
The upper ocean Ekman layer problem was defined in a complete and almost modern form in Waifrid Ekman's landmark analysis of 1905. From very limited observations, Ekman [1905] inferred that the momentum balance for steady wind-driven currents must be primarily between the Coriolis acceleration acting on the current and the divergence of a turbulent stress imposed by the It is well known that the Ekman transport is independent of the details of turbulent transfer within the Ekman layer, though this is not true for the transport at any other depth. The Ekman transport relation is thus plausible a priori, and it has also been verified in a variety of direct and indirect ways [Chereskin, 1995; Weller and Plueddemann, 1996] . In this analysis it will be assumed that the observed, total wind-driven transport should satisfy the Ekman transport relationship to within measurement and sampling errors. The transport relationship is then available as a consistency check on the estimated current (section 2.2). Notice that the only consequence of the wind is presumed to be the stress, and all effects of surface gravity waves, e.g., enhanced turbulent mixing near the surface [Anis and Mourn, 1995] For some other purposes, e.g., hindcasting the winddriven currents in surface drifter or ship drift data [Krauss, 1996; Niiler and Paduan, 1995] , it may be necessary to calculate the profile of the time-averaged current V(z). This requires a solution to the Ekman layer problem that can be evaluated using readily available wind stress, etc., from a climatology m•d is a goal of this analysis.
Historical
Field Observations of the
Upper Ocean Ekman Layer
Accurate and detailed field observations provide essential guidance in the development of Ekman layer models. The most useful data sets are those including current measurements that resolve the full profile of the Ekman layer current, along with direct wind measurements sufficient to estimate the wind stress.
Data Sets and Their Analysis
Two examples of such data sets are the third setting of the Long-Term Upper Ocean Study (LOTUS3) [Briscoe and Weller, 1984; Price et mi., 1987] and the Eastern Boundary Current (EBC) observations described by Chereskin [1995] . Both data sets were acquired from surface moorings deployed for at least 4 months and included good near-surface, vertical resolution of currents and measurements of wind velocity. There were some significant differences in the sampling and measurement methods that will affect how these data can be used in the analysis of sections 3 and 4: the LOTUS3 mooring measured currents with vector-measuring current meters that also measured temperature and thus gave a useful estimate of stratification; the EBC mooring employed a single Doppler acoustic current meter that gave very good and consistent depth resolution of currents within the upper ocean, though without tem- Q is the average of the daily maximum surface heat flux, f is the Coriolis parameter, • is the magnitude of time-averaged wind stress, Mw is the expected Ekman transport (all in the crosswind direction), Mo is the observed transport (crosswind, downwind), L, is the e-folding depth scale of the current speed estimated by fitting an exponential to the current profile, and Lo is the depth over which the current turns through 1 rad, estimated by fitting a straight line to the direction profile. LOTUS3 is the Long-Term Upper Ocean Study, while EBC refers to Eastern Boundary Current.
0.11 Pa or a little larger than the other two cases, and the heat flux estimated from climatology was also about the same. A significant difference from the previous subtropical cases is that the Coriolis parameter was smaller by more than a factor of 3, and thus the expected Ekman transport is larger by a similar factor (Table 1 ).
The observed upper ocean current includes significant contributions from internal and external tides and quasi-geostrophic eddies that are not directly wind driven. In order to separate the wind-driven current from these other, mainly pressure-driven currents, there has to be an analysis procedure based upon some preconception of the wind-driven and pressure-driven cur- In the end there is no guarantee that this simple analysis procedure has managed to exclude all of the pressuredriven current, including especially the thermal wind, while retaining all of the wind-driven current. A skeptic might prefer to regard the resulting upper ocean currents as the shear over a fixed depth interval, though for economy of language we will describe them as if they were absolute, wind-driven currents.
Uncertainties in the Estimated Ekman
Current
The most difficult (and unsatisfactory) part of this analysis is to make a meaningful estimate of the uncertainty in the estimated wind-driven currents. Statistical error estimates were reported for the time-averaged current (LOTUS3 and EBC) or the transport (10øN). If the transport uncertainty or discrepancy (whichever is larger) was due to a current error distributed uniformly over the interval 0 > z > Zr, then the current error would be roughly 0.004 m s -t in the two subtropical cases and •0.012 m s -t in the 10øN case. This sets a lower bound on the root-mean-square error that a model will make when simulating these data sets, since all of the model solutions satisfy the Ekman transport relation exactly and errors, whether measured or modeled, are likely to be depth dependent.
Structure of the Ekman Layer
It is most encouraging that the analyzed Ekman layer currents were quite similar in the two subtropical cases The task for Ekman layer models can now be stated all too succinctly: to account for the e-folding scale of the Ekman layer (i.e., the speed e-folding) as well as the fiat spiral shape or, equivalently, the length scales for both speed and direction. By this roundabout path we hope to gain some insight into the difficulties encountered by the inductive diagnostic program and will finally conclude that the fair weather, upper ocean K is formal rather than physical.
Laminar Diffusion Model
If the diffusivity is presumed to be steady but possibly dependent upon external variables and depth, then from (3) and (5) 
Evaluating the Classical• Laminar Diffusivity
The diffusivity must be evaluated to complete the solution. Rather than sift through the many forms that have been suggested [Huang, 1979] , we set out to find the best fit diffusion coefficient/(b that minimizes the mean square vector misfit between the solution (7) and the observed currents, e: 1/NE(V-Vo)2, case by case (Table 2) 
Nonlaminar and Nonclassical Diffusivities
In an attempt to reduce the flatness error, we considered depth-dependent diffusivities. It is well known that a K(z) that increases away from a no-slip boundary can reproduce a log layer [Madsen, 1977] , and we had expected to find something equivalent for the flatness. Despite a number of tries we did not discover a depthdependent diffusivity that improved appreciably on the laminar model; solutions continued to have excessively large downwind currents, too large and positive near the surface and too large and negative at depth, and thus If one had assumed that K must be real and physical in the sense described at the beginning of this section, then these results could be interpreted to show that classical diffusion theory has been refuted for fair weather, upper ocean conditions. However, even these very weak assumptions on the form of /( seem arbitrary. Moreover, there may be no point in refuting the classical diffusion theory (other than the commendable desire to clear away unsuccessful theories); an apparent failure shows only that we have not yet discovered the appropriate K. When viewed in this way, diffusion theory is a convention and not a testable scientific theory; it might yet serve as a basis for prediction, given the parameter dependence of K, but is unlikely to have the depth required of an explanation.
To proceed further with diffusion theory, something has to be added beyond the inductive diagnostic program. We will return to diffusion models in section 6 and attempt to deduce the diffusivity from a new Ekman layer solution that arises from consideration of time dependence and time averaging. bly requires numerical solution as above. However, the observations and results above suggest further simplifications that will lead to a simple, explicit solution.
Process and Consequences of Diurnal Cycling
Model Formulation and Integration
As an approximation one could assume that the diffusivity within the density mixed layer is effectively infinite, i.e., that the density mixed layer is also a velocity mixed layer. Going further and taking the lower interface of the mixed layer to be steplike gives a two-layer form of the momentum equations in which wind stress is absorbed entirely within a density mixed layer of timevarying thickness h(t), 
which holds down to z ---H, the deepest extent of the mixed layer and Ekman layer.
A crucial part of the problem is to specify the stratification represented by the depth of semipermanent stratification H and the time-varying mixed-layer depth h(t). H is presumed to be the top of the seasonal or main thermocline and is thus set by processes that may be inherently nonlocal, as for example, the east-west tilt of the tropical Pacific thermocline [Wijffels et al., 1994].
For now, H is taken to be given and steady so that we can emphasize the effect of time-varying h(t) (variable H will be considered in section 7 and shown to be important, especially in the tropics). In fair weather conditions the variation of mixed-layer depth h(t) will be associated primarily with the diurnal cycle. To model the consequences of this variation, we make the simplifying assumption that h varies with a top-hat time dependence over the course of a day, though the actual time dependence is smoothly varying, especially evident in the afternoon deepening phase (Figure 7) . The night- Given that the stratification is specified, the remaining task is to integrate the momentum equations and 
as in the vanishing c• limit of the CLDM, (10), and In any field data set the meteorological conditions are bound to vary from day to day, so that the surface fluxes must also vary from day to day. It has been assumed implicitly that the surface fluxes could be represented by their averaged values, i.e., the time-averaged The intent is that CxLDM should be useful for practical purposes, and so it is essential to specify the diffusivity in terms of external parameters. To do this, the complex diffusivity is evaluated by analogy with the SEL2 solution. The simplest case to consider is the large a, midlatitude limit, wherein diurnal cycling is of greatest importance and H effectively drops out of the problem. In that event the diffusive depth scale can be equated plausibly with the diurnal warm layer depth; that is, D/4 -DQ, from which K magnitude is This succession of models and fits to the 10øN data suggests the following characterization of the 10øN Ekman layer: The most important feature of the Ekman layer is the depth-averaged current, followed by the thick lower interface layer, and followed third by the diurnal-cycle-related shear of the tipper Ekman layer (recall though that the upper 20 m was not sampled).
In the subtropical cases the order is reversed; nearly all of the Ekman layer structure can be atributed to the diurnal-cycle-related shear of the upper Ekman layer, with the other features being relatively insignificant.
To the extent that H variability is nonlocal in origin, then the Ekman layer structure is not the product of the local surface fluxes alone, as we had assumed, conventionally, at the outset. To the growing list of relevant external variables should be added the rms H • or some equivalent measure of H variability. The inferred diffusivity has an f and U. dependence that is reminiscent of neutral, turbulent Ekman layer scaling but with a similarity constant reduced by a factor of •3 from its nominal, neutral value. It would be hard to find a simpler, more concise model than the parameterized CLDM, but there are problems in the details. The similarity constant has a significant parameter dependence, and classical diffusion models generally cannot reproduce the flatness seen in the observed profiles, evidently because the mean stress and the mean shear are not parallel. The upper ocean diffusivity appears to be as complicated as the current profile itself, and with hindsight it appears that the inductive diagnostic program was on a difficult path.
If the upper ocean diffusivity can be regarded as a formal rather than a physical quantity, then diffusion theory can be extended to allow a complex diffusivity, which is evidently required by the observations. A laminar form of a complex diffusivity was developed in section 6 based upon the results of a layered Ekman layer model. The resulting complex diffusion model, CxLDM, can reproduce the phenomenon of the fair weather Ekman layer but is rather distant from a physical explanation. 8.1.3. Question 3: What. physical processes have to be represented in a minimum, realistic model of the fair weather Ekman layer? This analysis has pursued the hypothesis that time-varying stratification is crucially important in the Ekman layer. Under fair weather conditions and outside of tropical latitudes, the structure of the Ekman layer appears to be determined, in large part, by the process of diurnal cycling. The thickness of the Ekman layer is proportional to the thickness of the diurnal warmed layer, and the fiat spiral shape appears to be a result of the time-dependent stratification and mixing. It seems appropriate to call the resulting current spirals "strati- small differences between models that from a distance would appear almost equally adequate to the data (Figure 5) . Partly, this stems from the necessity of showing only the successful model solutions (e.g., the best fit CLDM solutions) but, more fundamentally, because the phenomenon we set out to understand and predict, the flattened fair weather Ekman spiral, is not diverse In contrast, the classical Ekman spiral might have been presumed to exist, given the mere absence of temporal variability in the wind. That being so, then it would be interesting to examine the hydrodynamic stability of the classical spiral [Brown, 19911 . It may be less useful to do the same for the stratified Ekman spiral since no actual current profile is likely to bear more than a chance resemblance to the time-averaged profile. We noted in section 6 that the classical (steady) diffusivity appropriate to fair weather cases may be more a formal or theoretical than a physical quantity. The same could be said of the stratified Ekman spiral, at least insofar as fast timescale processes are concerned, e.g., the stirring process usually imagined to be represented by an eddy diffusivity.
